quantum ER bridges are crudely traversable. There are severe restrictions on the kind of information 48 that can be re-emitted in one case, or transmitted, in the other, but neither effect requires essentially 49 new physics that is beyond general relativity or quantum mechanics.
50
Further, if the Bohm interpretation can be applied to field theory and to gravity in particular, 51 then the crude traversability of quantum ER bridges should itself be explicable in terms of a quantum 52 potential added to classical general relativity. Thus an extension of general relativity could account 53 for quantum entanglement. Here, we assume that general relativity describes phenomena down to 54 well below the Planck scale L P . In bootstrap fashion, the quantum behavior of black holes and ER 55 bridges would provide an explanation for quantum nonlocality, at least as it appears strikingly in EPR 56 correlations. A classical re-interpretation of the quantum ER bridge behavior would then also explain 57 nonlocal quantum entanglement generally. But what kind of geometrodynamics would give rise to the 58 quantum potential required in the specific case of an ER bridge? The purpose of this short paper is to 59 examine an extension of Einstein's equations that will account for the extra term and will thus allow 60 us to interpret the quantum ER transmission effect classically.
61
The proposed ontological account of quantum nonlocality tends to resolve the contradiction 62 between quantum mechanics and general relativity in a way that gives primacy to the latter. It can 63 be compared to Penrose's suggestion that the collapse of the wavefunction is a gravitational effect
64
[4] in this regard. After reviewing both the quantum potential interpretation of black hole radiation 65 and classical higher derivative gravity in the next section, we compare the two in the following 66 section. We derive a result that only infinitesimal higher-derivative corrections are required (so that 67 the standard second-order theory is a singular limit). Implications for a re-interpretation of quantum 68 theory generally are discussed in the final section. If black hole radiation, like other quantum processes, can be described by an objective deterministic theory, it should be possible to augment Einstein's classical equations with terms that give such radiation, which can indeed be characterized as a form of tunneling. A quantum potential for black hole radiation was in fact derived by deBarros et al. [6, 7] in work that has not been widely cited. Recall that for a simple quantum mechanical system with a wave-function Ψ written in polar form as Ψ = R exp(iS ), the quantum potential is Q = −(∇ 2 R)/2mR, meaning that the Schrodinger equation for Ψ implies that particle motion is governed by the Hamilton-Jacobi equation with an extra potential term: ∂S ∂t
In the current context, the quantum potential is gleaned from the Wheeler-Dewitt equationĤΨ = 0, obtained by quantizing the hamiltonian constraint in the ADM formulation of general relativity, in which spacetime is foliated into a temporal sequence of spacelike hypersurfaces. For a general wave-functional Ψ of the spatial metric on a hypersurface and of the matter fields, this equation is:
where h is the determinant of the space metric h ij , G ijkl ≡
R is 72 the intrinsic curvature of the evolving space-like hypersurface. Inserting the polar decomposition 73 Ψ = R exp(iS ) in (2), we get:
for a quantum potential Q that is defined in terms of derivatives of R both with respect to the metric well-defined trajectories, as for a single particle in the Bohmian interpretation.
4 of 11 Tomimatsu [5] solved the Wheeler-Dewitt equation (2) for a spherically symmetric case, using boundary conditions that describe a scalar field in an evaporating black-hole metric, limiting attention to the region near the apparent horizon. He found:
giving the wave-functional Ψ(r o , Φ) as a function of the instantaneous apparent black-hole radius r o and the scalar field Φ at the apparent horizon, with k an eigenvalue to be determined. We take the wave functional to have the same form for a transmitting ER bridge, since only the topology is different from that of a black hole. Traversability can indeed be determined at the horizon. For the wave function (4), we have R = C exp(−|kΦ]), and so the quantum potential depends only on derivatives with respect to the scalar field and not with respect to the metric. As found by deBarros et al. [7] , the term in the matter sector of the hamiltonian, (1/2r 2 o )P 2 Φ = −(1/2r 2 o )δ 2 /δΦ 2 , contributes a quantum potential
to the Hamilton-Jacobi equation (3). We assume here that the quantum evaporation/transmission 79 process induced by the quantum potential (5) is balanced by a purely classical accretion/particle-entry 80 process to maintain a steady state (Fig. 1 relativity, here we regard the resulting theory simply as an alternative to the standard classical theory.
89
A textbook derivation of Einstein's equations, e.g.
[16], relies not only on general covariance, but on an explicit assumption that the equations are second order, or equivalently, that they are scale invariant. General relativity can in fact be extended to theories of the form:
where
µν is a quantity involving a total of n derivatives of the metric, L is a fundamental length 90 scale, the c n are dimensionless constants and we have included a cosmological constant Λ for full 91 generality. If L = L P , the Planck length, then the new terms in the extended theory (6) are negligible on 92 macroscopic scales. They need only be considered if curvature is significant at the Planck length scale.
93
It might be hoped that no macroscopic effects would ensue in that case, but this is not guaranteed 94 because of the nonlinearities.
95
A fourth-order classical theory was introduced by Stelle [8] Einstein's equations that would produce the quantum potential term classically.
106
The most general 4th order extension of Einsteinian general relativity [10] is given by a Lagrangian density of the form L = √ −g[γR − αC µνρσ C µνρσ + βR 2 ] where C µνρσ is the Weyl tensor, formed by removing non-vanishing contractions from the curvature tensor R µνρσ . This Lagrangian density can also be written:
by using the topological invariance of a quantity specified in the Gauss-Bonnet theorem [10] .
107
An ADM-type formulation of 4th order gravity is derived as for ordinary general relativity.
108
The Gauss-Codazzi relations [11, 12] 
where the function F(p,ṗ,p) depends also on curvature, to isolate the p-independent terms. (Greek
119
indices assume values in {0, 1, 2, 3} while latin indices are restricted to {1, 2, 3}.) 1
120
This constraint is to be compared to the one for ordinary gravity, with quantum potential added, which is
from which equation (3) here, hypersurfaces of constant time have zero extrinsic curvature K ab ≡ ∇ a n b = 0, where n is a The function F(p,ṗ,p) for the case α = 0 is given explicitly in terms of extrinsic curvature in Ref.
[13].
(including the matter terms), as would include ER bridges or wormholes prior to collapse, are the 133 same in quantized ordinary general relativity and in classical 4th order gravity, if near the horizon:
where 
R ab
R ab and ( (3) R) 2 cancel, and that these quadratic curvature expressions, taken together, are O(1/r 2 o ). We consider spherically symmetric, time-independent metrics of the form:
with the spatial metric on hypersurfaces of constant t given trivially by: h ij = g ij . For a metric of this 140 form, the indices 0, 1, 2, 3 are more specifically written as t, r, θ, φ, respectively. The Ricci tensor on the 141 hypersurfaces is diagonal with three non-vanishing elements:
where primes denote derivatives with respect to r.
R φφ (r o ) ≡ c, we have at the horizon:
Assuming a, b, c ∼ 1/r 2 o , the requirement that the quadratic curvature terms mimic the quantum 143 potential is that the terms of leading order in 1/r o vanish, and that:
having noticed that b = c, and having taken γ = γ GR , as we will henceforth for agreement with general 145 relativity at large scales.
We have solved for the metric (11) in terms of A(r) and B(r), in series expansions, following the 147 method of Lu et al.
[10]: formed from the Lagrangian density (7). They are:
where a semicolon denotes covariant differentiation with respect to the index following. One first those equations and solved for the lowest order coefficients in Mathematica. We find:
But unlike the β = 0 case, we find that b 2 is unconstrained, and therefore can be tuned for asymptotic 
We will use the solution (18a) for f 1 in terms of α and β to compute the quadratic curvature contribution
172
(15) , which we now denote V(r o ).
Substituting from (19) and (18), the condition for equivalence of V(r o ) to the de Barros et al. quantum
174
potential becomes:
where we have expressed V in terms of β and ω ≡ α/β for convenience.
176
The coefficient of the second term in the braced expression, β, must vanish to avoid a 1/r 4 o contribution for small r o . Then the first term gives
a quadratic equation that can be solved for ω, for given k. Since the same geometrodynamics 177 must describe black-hole evaporation, a value of the eigenvalue k can be obtained by matching 178 the black-hole evaporation rate as computed by deBarros et al.
[7], k 2 /4M 2 , to the Hawking rate
179
[17] P =hc 6 /(15360πG 2 M 2 ). This gives k = √h c 6 /3840πG 2 , or in units for whichh = c = G = 1, 180 k ≈ 0.01. In the limit β → 0, the desired value of the ratio of the coefficients ω = α/β solves (22) and is 181 found to be α/β = ω = 3.009 or α/β = 11.962. For α/β fixed at these values, the contribution of the 182 quadratic curvature terms is plotted vs. r o in Fig. 2 as the two coefficients each approach zero. As we The author declares no conflict of interest.
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